Malachite green, a synthetic antimicrobial dye, has been used for over 50 years in mycobacterial culture medium to inhibit the growth of contaminants. The molecular basis of mycobacterial resistance to malachite green is unknown, although the presence of malachite green-reducing enzymes in the cell envelope has been suggested. The objective of this study was to investigate the role of lipoproteins in resistance of Mycobacterium tuberculosis to malachite green. The replication of an M. tuberculosis lipoprotein signal peptidase II (lspA) mutant (⌬lspA::lspA mut ) on Middlebrook agar with and without 1 mg/liter malachite green was investigated. The lspA mutant was also compared with wild-type M. tuberculosis in the decolorization rate of malachite green and sensitivity to sodium dodecyl sulfate (SDS) detergent and first-line antituberculosis drugs. The lspA mutant has a 10 4 -fold reduction in CFU-forming efficiency on Middlebrook agar with malachite green. Malachite green is decolorized faster in the presence of the lspA mutant than wild-type bacteria. The lspA mutant is hypersensitive to SDS detergent and shows increased sensitivity to first-line antituberculosis drugs. In summary, lipoprotein processing by LspA is essential for resistance of M. tuberculosis to malachite green. A cell wall permeability defect is likely responsible for the hypersensitivity of lspA mutant to malachite green.
Pathogenic mycobacteria are responsible for millions of human infections each year. Mycobacterium tuberculosis, the causative agent of tuberculosis, accounts for the majority of these cases (12) . Recovery of viable organisms from clinical specimens is essential for accurate identification and antibiotic susceptibility testing of mycobacteria (11) . However, contamination of primary cultures with rapidly growing bacteria and fungi is a major concern in the mycobacteriology laboratory, particularly for slowly growing mycobacteria (11) . Because mycobacteria are relatively resistant to malachite green, it was introduced into mycobacterial solid media, including Middlebrook agar and Lowenstein-Jensen medium, to inhibit the growth of contaminants (21) .
Malachite green, a member of the triphenylmethane dye family (Fig. 1a) , is a potent antibacterial, antifungal, and antiparasitic agent and has been used extensively in the aquaculture industry for its antimicrobial activity (1) . A related dye, crystal violet, is used in surgical solutions and as a topical antimicrobial for treatment of human skin infections (13, 14) . Malachite green is active in its oxidized form and inactivated upon reduction or decolorization to leukomalachite green (9) . The mechanism of its action is through poisoning of respiratory chain proteins resulting in irreversible uncoupling of oxidative phosphorylation (1). An earlier study had proposed that malachite green-reducing enzymes in the mycobacterial cell wall conferred resistance to malachite green (20) . This hypothesis was based on the observation that reduced malachite green accumulated in the lipid fraction of mycobacterial cell wall, although attempts to isolate reducing enzymes were unsuccessful. A more recent study showed that a protein in the membrane fraction of mycobacterial cell wall is responsible for decolorization of malachite green (9) . These studies suggest that mycobacterial cell envelope plays an essential role in resistance of mycobacteria to malachite green, but the molecular basis of resistance to triphenylmethane dyes remains undefined. The cell wall of mycobacteria, which consists of an intricate composition and assembly of complex lipids, carbohydrates, proteins, and lipoproteins (4), is known to provide an impermeable physical barrier to chemicals and antibiotics (8) . Therefore, it is possible that the mycobacterial cell wall also serves as an impermeable barrier to malachite green.
Bacterial lipoproteins make up an abundant class of membrane-anchored cell wall proteins with a broad range of functions, including antibiotic resistance, substrate binding and transport, adherence, protein export and folding, cell signaling, and sporulation (19) . The M. tuberculosis H37Rv genome encodes 99 lipoproteins, of which only a few have been functionally characterized (18) . Lipoprotein precursors are synthesized in the cytoplasm and targeted to the cell wall, where they undergo lipid modification by lipoprotein diacylglycerol transferase (Lgt) followed by removal of the signal sequence by lipoprotein signal peptidase II (LspA) (19) . In gram-negative bacteria, lipoproteins undergo a second acyl modification by lipoprotein N-acyltransferase (Lnt) to produce triacylated lipoproteins (22) . The M. tuberculosis genome encodes a functional LspA that is dispensable for replication in vitro but is essential for optimal growth in the mouse lung (2, 15) .
Given that lipoproteins serve diverse cell wall functions, we investigated the role of lipoprotein processing in resistance of M. tuberculosis to malachite green. We show that LspA is essential for the replication of M. tuberculosis on malachite green-containing medium. Further, the sensitivity of the lspA mutant to malachite green appears to be due to a cell wall permeability defect.
MATERIALS AND METHODS
Media. H37Rv cultures were grown in Middlebrook 7H9 broth (DifCo) supplemented with 0.2% glycerol, 10% oleic acid-albumin-dextrose-catalase (OADC; DifCo), and 0.05% Tween 80. Middlebrook 7H9 agar had the same composition as 7H9 broth plus 1.5% Bacto agar.
Bacteria. The construction of the M. tuberculosis H37Rv lspA mutant (⌬lspA::lspA mut ) and a complemented strain (⌬lspA::lspA) was previously described (2, 3) . Briefly, the lspA null mutant was complemented with an integrating plasmid constructs encoding wild-type or truncated LspA and the two flanking genes (ansA and Rv1540). Functional inactivity of LspA in the ⌬lspA::lspA mut strain was confirmed by Western immunoblotting, using an antibody to MPT83, a well-characterized lipoprotein of M. tuberculosis (2, 15) . The lspA mutant was propagated in Middlebrook 7H9 broth or agar, without malachite green.
Malachite green decolorization assay. Bacterial cultures grown to mid-log phase were resuspended in phosphate-buffered saline (PBS) to an optical density of 0.5 at a wavelength of 580 nm. Freshly prepared malachite green was added to 4 ml of bacteria to obtain a final concentration of 10 mg/liter. To prevent photoreduction of malachite green, experiments were performed in dim light and tubes were covered with aluminum foil. The absorbance at wavelength of 620 nm was measured in duplicates at the indicated time points. Background absorbance due to cell scatter was subtracted from absorbance due to cells plus malachite green.
SDS sensitivity assay. Bacterial cultures grown to mid-log phase were resuspended in fresh growth media and subjected to low-speed centrifugation at 800 rpm for 8 min. The supernatants were diluted with growth media to an optical density of 0.05 at a wavelength of 580 nm and treated with 0.05% sodium dodecyl sulfate (SDS) in triplicate. At the indicated time points, bacterial CFU counts were enumerated on Middlebrook agar.
Drug susceptibility testing. The susceptibility testing was performed with the MGIT 960 system (Becton, Dickinson and Company, Sparks, MD). A cell suspension of 0.5 McFarland standard was used for each strain to inoculate drugcontaining MGIT tubes. A 1:100 dilution was also used to inoculate the growth control for each strain. Drug susceptibility results were interpreted by the MGIT 960 system automatically when the growth units of a growth control reached 400 within 4 to 13 days.
Statistical analysis. Student's t test was used to determine significant differences between groups. on June 27, 2017 by guest http://aac.asm.org/
RESULTS AND DISCUSSION
Lipoprotein processing is essential for resistance of M. tuberculosis to malachite green. To determine if lipoprotein processing is required for resistance of M. tuberculosis to malachite green, equal densities of the lspA mutant (⌬lspA::lspA mut ), the wild-type (H3Rv), and the complemented strain (⌬lspA::lspA) were plated on Middlebrook 7H9 agar with and without 1 mg/liter malachite green. Interestingly, after 3 weeks of incubation on Middlebrook 7H9 agar with malachite, the lspA mutant showed a 10 4 -fold reduction in CFU compared to the wild type and the complemented strain (Fig. 1b) . The lspA mutant formed microcolonies on Middlebrook 7H9 agar without malachite green, but there was no reduction in colony counts compared to wild-type bacteria (Fig. 1c) . The lspA mutant was also severely attenuated on Middlebrook 7H11 agar, a commercially available solid agar formulation (Fig. 1d) .
Comparison of the ingredients in the Middlebrook 7H9 and 7H11 agars revealed the additional presence of Cu 2ϩ (1 mg/ liter), CaCl 2 (0.5 mg/liter), and Zn 2ϩ (1 mg/liter) in 7H9 but not in 7H11 agar and malachite green (1 mg/liter) and pancreatic digest of casein (1 g/liter) in 7H11 but not 7H9 agar. Mixing studies showed that the addition of CuSO 4 (1 mg/liter), CaCl 2 (0.5 mg/liter), and ZnSO 4 (1 mg/liter) to Middlebrook 7H11 could not restore the growth of the lspA mutant (data not shown). Therefore, the growth inhibition seen on Middlebrook 7H11 agar was entirely attributed to malachite green.
The lspA mutant has a cell wall permeability defect. To determine if the hypersensitivity of the lspA mutant to malachite green was due to loss of malachite green-reducing activity, the rate of malachite green reduction, which results in loss of its characteristic green color and decreased absorbance at 620 nm (20) , was measured in the presence of live bacteria. As shown in Fig. 1e , in the presence of wild-type bacteria, the rate of malachite green decolorization during the first 40 min was 1.4-fold greater than the spontaneous decolorization rate in PBS. In contrast, in the presence of the lspA mutant, the rate of malachite green decolorization was 2.5-fold faster than in PBS. The decolorization of malachite green seen with wildtype M. tuberculosis, although slow, is consistent with previous studies showing that mycobacteria decolorize malachite green (9, 20) . However, since malachite green decolorization occurs at a significantly faster rate in the presence of the lspA mutant than wild-type bacteria (P ϭ 0.02), the loss of malachite greenreducing enzymes cannot be the principal reason for its sensitivity to malachite green. Instead, we hypothesized that increased cell envelope permeability is the basis of increased malachite green decolorization with the lspA mutant.
To assess the integrity of the cell wall in the lspA mutant, we quantified its sensitivity to the membrane-disrupting detergent SDS. Treatment of the lspA mutant with 0.05% SDS resulted in 86% and 99% loss of viability at 1 and 4 h posttreatment, respectively (Fig. 1f) . In contrast, the wild type and the complemented strain were unaffected at 1 h and only moderately affected at 4 h posttreatment. The lspA mutant was significantly more sensitive to SDS than the wild type at 1 h (P ϭ 0.005) and 4 h (P ϭ 0.04) posttreatment.
The lspA mutant is hypersensitive to antituberculosis drugs. To further assess the effect of the lspA mutation on the activities of first-line antituberculosis drugs, the MICs of rifampin, isoniazid, streptomycin, and ethambutol were determined by a standardized method using the MGIT 960 system. The results show that mutation of lspA in M. tuberculosis results in increased sensitivity to rifampin, isoniazid, and streptomycin (Table 1) . Since these drugs have distinct intracellular targets, the increased sensitivity of the lspA mutant to these drugs is consistent with increased access to their targets secondary to increased permeability of the cell wall.
Altogether, our results suggest that the impermeable cell wall structure is largely responsible for the resistance of M. tuberculosis to malachite green. Increased permeability in the lspA mutant resulting in increased susceptibility to malachite green is consistent with an intracellular target, such as the respiratory chain enzymes, for the drug mechanism (1). Ongoing research will determine whether the cell wall defect in the lspA mutant is due to accumulation of immature lipoproteins or due to functional inactivation or mislocalization of individual lipoproteins. Potential mechanisms of lipoprotein contribution to cell wall integrity include trafficking of cell wall lipids, such as that suggested for phthiocerol dimycocerosates by LppX (5, 17) , noncovalent interactions with proximal cell wall domains analogous to those of gram-negative peptidoglycanassociated lipoproteins (19) , and organization and maintenance of the cell wall.
Our findings also have implications for pathogenesis research on M. tuberculosis. Given that the majority of mutagenesis libraries have been created on Middlebrook agar with malachite green (7H10 and 7H11) (6, 7, 10, 16) , these libraries are likely depleted of malachite green-susceptible mutants, including those with deficiencies in lipoproteins or cell wall permeability. In order for these mutants to be represented in such libraries, compensatory second-site mutations would have to be present. Screening of mutagenesis libraries made on malachite green-free medium may reveal mutants that were previously selected against by malachite green. 
